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Related content
Electron-impact excitation of the n 3,1 S and n 3,1 P (n=2, 3 and 4) states of helium at low energies W C Fon, K P Lim, K A Berrington et al. Massey and Mohr (1933) , in reporting results from the Born approximation for excitation of the n'P (n=2-5) levels, observed that the angular distributions of scattered electrons of the same incident velocity that have excited the 2'P and 3'P levels of helium are nearly identical when fitted together at one angle. The same observation was confirmed by Cartwright (1986, 1988 ) using first-order many-body theory (FOMBT). If it were intrinsically true (i.e. in other words, this fact remains invariant even if other theoretical methods are used to investigate it), this would have far reaching significance for the future direction in theoretical calculation and experimental measurements on the differential cross sections of I IS-n'P excitation for all n. Computational and experimental efforts would be concentrated on obtaining accurate I IS-2'P excitation cross sections where the experimental measurements are not complicated by near degeneracy of n (>3) manifolds. Excitation cross sections of any n could then be calculated by using certain n scaling factors from the best available experimental or theoretical data for l'S-2'P excitation. This was also investigated by Fon et ai (1991) at low energies using R-matrix calculations. Similar n-independence in shape might also hold for 1 'S-n3,'S differential cross sections, however, this was never investigated. This is precisely what we intend to do in this paper.
Another factor which motivates us to carry out the present investigation is the continued disagreement between the theories and experiments on the differential cross sections for electron scattering by ground-state helium to n > 2 states at intermediate energies ( (Madison 1979 , Madison and Winters 1983 , Bartschat and Madison 1988 ) and the first-order manybody theory (FOMBT) (Cartwright et ai 1992) for optical allowed transitions like I'S-2'P and 1's-3'P excitations above 60 eV. They are not expected to be too reliable at energies ranging from the threshold to 60 eV where the channel-coupling and exchange effects are expected to be significant especially for the calculation on differential cross section for optical disallowed transitions such as 1 'S-n'.'S excitation. Although there are a number of theoretical methods that have been applied to study this scattering system at this energy range (cf McCarthy et ai 1991), the most successful has been the R-matrix technique. Even the simple five-state R-matrix calculation has done moderately well for most of the n = 2 excitations from the ground state including those I'S-Z3.'S excitation (Fon et ai 1980) . In view of the success achieved in studyingelectron scattering by helium using the Rmatrix method (Fon et ai 1988 . Fon and Lim 1990 , 1992 and the observation that Rmatrix results converge to experimental values as the threshold energy is approached (Crowe and Nogueira 1982) , the present work reports the results of a 19-state and 29-state R-matrix calculation of electron-helium scattering at non-resonance energies below 29.6 eV and extending it to energies well below ionization threshold. In this energy range, all the ionization channels are closed and only a few finite discrete channels are open. The scattering process is predominated by resonances and the continuum effects are not expected to be significant. The convergence of the R-matrix calculations and the accuracy of the results can then be reasonably estimated (Berrington and Kingston 1987) .
R-matrix calculations
The R-matrix method of electron-atom collision has been discussed in detail by Burke et a/ (1971) . The collision calculations are carried out in LS coupling using the Rmatrix package of Berrington et ai (1978) . The target wavefunctions, oscillator strengths, energy levels used in this calculation have already been described in full by Berrington and Kingston (1987) and Sawey et ai (1990) . However, to recapitulate, the wavefunction describing the three-electron scattering system can be expanded as:
where cb, are the channel functions formed from the target states of the two-electron system, the uj are the radial basis functions describing the motion of the scattered electron and c$~ are the three-electron functions which allow for the short-range correlation effects and completeness. These bound-bound orbitals are also designed to represent the target states of the singly ionized atom. coupled to two bound electrons simulating the possible formation of three-electron resonances.
In theory, if the summation in (1) were to include all the bound states of helium exactly and also included integration over the continuum states of helium then the results would be exact. However, in practice, we can only include a small number of target states in (I) . In this paper, only the lowest 19 (n= I , 2, 3 and 4) and 29 ( n = 1, 2, 3,4 and 5) states of helium have been respectively included in the R-matrix calculations. Although we did not allow for ionization channels, the continuum effects would not be expected important enough to affect the accuracy of our calculation significantly in the energy range from 2's threshold to the 5'P threshold in which all the ionization channels are closed and only a few number of discrete channels are open. The scattering processes are dominated by resonances here. However, at energies near ionization threshold and above it up to 29.6 eV, the continuum effects are expected to be important and the truncated R-matrix calculation (the 19-state) would be less accurate (see discussion in section 3).
Results and discussion
The 19-state (Berrington and Kingston 1987) and the 29-state R-matrix calculations (Sawey el ai 1990) have been extended to obtain the differential cross sections for the following transitions: where n=2, 3 and 4, at energies ranging from 22 eV to 29.6eV. These energies are carefully chosen to avoid resonant effects. The differential cross sections are computed at scattering angles ranging from 0" to 180". The results of the calculations are compared with the experimental measurements of Trajmar et a1 (1992) and Allan (1992) . The results of the R-matrix calculations at energies 22, 23.22, 23.8, 25, 26.5 and 29.6 eV (see tables 1-5) are given as a 'benchmark' for future comparison with theories and experiments. The 29-state calculation has not been carried out at energies above 23.8 eV.
e-+He(l'S)+e-+He*(n".'S) (2) (1992) report differential cross sections (DCS) for electron impact excitation of the n"IS (n=2,3) levels in He at energies 30, 50 and 100 eV. The average error associated with the measurements of the DCS at 30 eV is given as follows: 21% for z3S, 20% for 2'S, 22% for 3)s and 29% for 3's. Another set of experimental measurements were extracted from the excitation functions of Allan (1992) who cited an average error or i35%. Berrington and Kingston (1987) suggest that close-coupling calculations for e--He scattering at low energies in which physical states with increasing principal quantum number n are used, yield accurate excitation cross sections in the energy up to the highest threshold explicitly included. This was confirmed by Lim (1990) and Fon et a1 (1993) that the convergence rule as stated by Berrington and Kingston (1987) for integrated cross section holds good also for l'S-n=2 differential cross sections. In the same paper, Berrington and Kingston (1987) suggest that at energies higher than the highest threshold included in the calculation, the accuracy of the calculated excitation cross sections leaving the atom in a final state of principal quantum number n depends critically on the inclusion of target states with principal quantum number n+ I in the total wavefunction expansion. 
I'S-Z?~,'S di@erential cross sections
We shall beghour discussion on the calculations of I'S-2'.'S DCS at energies below ionization threshold 22, 23.22 and 23.8eV (see figure I(bj and 2(b)) where all the ionization channels are closed and only a few discrete channels are open; the continuum effects are not expected to be significant and the Berrington-Kingston convergence rule applies. (1992) is very good allowing for the fact that the stated experimental error is around f35%. Although the energy 23.8 eV is slightly above the 4'P threshold at 23.74 eV (the highest threshold included by the 19-state calculation), the 19-state calculation at this energy still appears to be accurate. On the whole we would expect the error incurred by the 29-state Rmatrix calculations on I'S-2',,'S DCS at these energies should be not more than a few per cenl allowing for the fact that continuum effects are not included in the calculation.
At energies above ionization threshold up to IOOeV, the ionization process plays very important role in the scattering process. The truncation of summation (I j resulting in exclusion of the flux going to the ionization channels, will not give quantitatively (l990) observed that among the number of theoretical methods that have been applied to study this scattering system at the energy mentioned, the most successful has been the R-matrix technique. Even the simple five-state R-matrix calculation (Fon et a i 1979 (Fon et a i , 1980 has done moderately well for most of the I'S-n=2 transitions at most angles. The 19-state calculation of Fon et ai (1988) has brought closer agreement with the experiments (Hall et al1973, Trajmar 1973 ). This may have given us a good indication of the convergence of the close-coupling expansion for the bound target states, but it does not tell us very much about the contribution to the close-coupling expansion from the continuum. But one thing which we are certain, is that R-matrix calculation gives good qualitative shapes of the differential cross sections for all the n = 2 excitations from the ground state.
We have extended the 19-state calculation of Fon et a1 (1988) 7.377-9 7.424.'
figure 1 on the left and figure 2 on the right) with axes overlapped, the I'S-2'S DCS and 1'S-Z3S DCS look almost like mirror reflections of each other.
I'S-3"'S'd&erentiaI cross sections
The general features of the 1 'S-33.'S DCS as calculated by R-matrix method resemble those of the 1 'S-2"*'S DCS. The 1 IS-3's DCS show a large angle minimum at around 120"-140" and exhibit a pronounced backward peak, while those of I'S-3'S DCS reflect a small angle minimum at 40"-60" and demonstrate a strong forward peak. figure 3(a) ). This is in W C Fon et ol (figure 4(a) ). .,'
__-- or I'S-n'S ( n = 2 , 3 and 4) excitations not at a fixed energy but at energies of a fixed relative threshold unit. Figure 6 (a) compares the profiles of 2'S, 3's and 4% states at energies 21.8,25 and 26 eV respectively. These energies corresponds to the same relative threshold units of 0.1 (approximately). There exists a striking similarity in the shape of the DCS for a given n3S symmetry as the principal quantum number n increases vertically in the figures. However, it is also interesting to note that as n increases, the minimum for the differential cross sections tends to become more pronounced and the large angle minimum shifts its position from 140" to smaller angle.
Figure 6(6) tells similar story: The general profile for the DCS of the n'S states shows a small angle minimum, the position of the minimum shifts to smaller angles and becomes more accentuated as the principal quantum number n increases vertically. There is a definite trend of convergence in shape for the I'S-n'S (n=2, 3 and 4) DSC. However, despite the striking similarity, they are not completely independent of n in shape for this energy range.
Conclusion
We have shown that the convergence rule as stated by Berrington and Kingston (1987) for integrated cross sections holds good for I'S-n".'S ( n = 2, 3 and 4) differential cross sections at all the non-resonant energies below ionization threshold considered here. At energies above the ionization threshold, where the continuum effects are expected to play an important role, the R-matrix calculations give a good qualitative shape for the angular distribution of the scattered electrons in all the I'S-n3.'S (n=2, 3 and 4) transitions investigated here, even though the Berrington-Kingston rule has been violated by not including the (n+ 1) target states in the close-coupling expansion. The present work also shows that the n-independence in shape for the 1 'S-n'.'S DCS is found to be not particularly strong at low energies and we have found strong indications to suggest that this might be true at higher energies.
